1986). However, the hypothesis that synaptic depression contributes to adaptation has not been adequately put resistance, and current-evoked firing. Synaptic input evoked via intracortical stimulation was also untested. Simulations based on in vitro measurements suggest changed; however, synaptic input from the somatosensory thalamus was depressed by sensory stimulathat short-term depression could lead to adaptation of cortical sensory responses either by reducing thalamotion, and this depression recovered with a time course matching that of the recovery of sensory responcortical input to the cortex or by reducing the degree of amplification of that input by diminishing recurrent siveness. These data strongly suggest that synaptic depression of thalamic input to the cortex contributes VPM neurons exhibited modest adaptation (34% Ϯ 14%, Brief stimulation produces adaptation which occurs and n ϭ 10), while cortical neurons adapted more strongly recovers rapidly (Nelson, 1991a; Bonds, 1991; Mü ller et (80% Ϯ 2%, n ϭ 6) ( Figure 1E ). The same trend was al., 1999), while more prolonged stimulation can produce observed in a few single units large enough to be well isolated from multiunit firing activity. At 4 Hz, the firing rate of VPM single units adapted by 33% Ϯ 2% (n ϭ 7),
(E) Frequency dependence of rapid adaptation in barrel cortex and thalamus. Adaptation was significantly stronger in cortical firing (; n ϭ 6) than thalamic firing (᭺; n ϭ 10) at stimulating frequencies equal to or higher than 2 Hz (one tailed t test, p Ͻ 0.005, indicated by asterisks). Adaptation of cortical intracellular responses (᭞; n ϭ 9, 61, and 48 for 2, 4, and 8 Hz) was comparable to that of cortical firing. The SEM of some data points is too small to be seen. and cortical single units adapted by 87% Ϯ 2% (n ϭ 6) these neurons were held long enough to permit adaptation of responses to be studied in detail. Most (53/61) (data not shown). The adaptation occurred rapidly, so that after the first few deflections, many cortical neurons were recorded at depths of 260-800 m, corresponding to layers 2/3 and 4. The remaining eight neurons were ceased firing completely. We refer to this form of adaptation as "rapid adaptation" to distinguish it from slower recorded at depths of 800-1000 m, presumably corresponding to upper layer 5. A subset of our sample (42/ forms of adaptation studied in other cortical regions (Ohzawa et al., 1982; Carandini and Ferster, 1997) . Here 61) were classified on the basis of their firing in response to injected current (Moore and Nelson, 1998 ; Zhu and we use rapid adaptation to refer specifically to responses to repetitive whisker deflection and not to the Connors, 1999). The majority of these cells were regular spiking (RS, n ϭ 32), with a small number of cells exhib-"rapidly adapting" or "phasic" response to a single deflection (Waite, 1973; Shipley, 1974) .
iting intrinsic bursting (IB, n ϭ 7) or fast spiking (FS, n ϭ 3) firing patterns. The remaining cells showed behavior Rapid adaptation of firing rate was frequencydependent, with higher stimulating frequencies yielding that was intermediate between IB and RS firing, or they were not tested with injected current. No consistent more pronounced adaptation (Ahissar et al., 2001). Figure 1E shows normalized steady-state adaptation as a differences were noted in sensory responses as a function of firing type, although our ability to detect differfunction of stimulating frequency. Although both exhibited frequency-dependent adaptation, VPM neurons ences may have been limited by the small sample of IB and FS cells. Roughly 80% of the neurons tested (48/61) adapted strongly only at higher stimulating frequencies ( Figure 1E , open circles). At all frequencies tested above fired action potentials in response to whisker deflection, and this fraction did not vary significantly with recording 1 Hz, cortical responses ( Figure 1E , closed squares) adapted significantly more strongly than thalamic redepth or response latency. Responses remained subthreshold in the remaining 13/61 neurons. Including sponses (one tailed t test, p Ͻ 0.005; Figure 1E , asterisks). This suggests that, as in visual cortex (Ohzawa these cells, the average firing was 1.23 Ϯ 0.24 impulses/ stimulus for the initial onset response. et al., 1982; Nelson, 1991a Nelson, , 1991b , additional cortical mechanisms contribute to adaptation. In order to invesIntracellular correlates of rapid adaptation are illustrated in Figures 1B-1D . The principal whisker was detigate these mechanisms further, we made whole-cell current-clamp recordings from individual neurons in flected at 4 Hz for 5 s. The latency of the sensory-evoked synaptic response was 7 ms, suggesting monosynaptic barrel cortex. This permitted measurement, not only of the output of the cell, but also of changes in its synaptic input from the thalamus (see Figure 3) . Rapid adaptation of whisker-evoked synaptic potentials observed in indiinput and its intrinsic membrane properties during and after rapid adaptation.
vidual traces ( Figure 1B) Figure 1C ). Rapid sensory responses was Յ2.5 ms (n ϭ 20/21; below horiadaptation of whisker-evoked synaptic responses was zontal line in Figure 3A ), suggesting that these do indeed observed in all cells tested, although the magnitude correspond to neurons receiving direct thalamic input. varied across cells (see Figure 3B ). The frequency deIn general, the sensory latency and latency to electrical pendence of this adaptation was comparable to that stimulation were well correlated (slope ϭ 0.97, r ϭ 0.68; measured extracellularly (open triangles in Figure 1E) . Figure 3A) . Figure 3B shows the distribution of steady-state adapKinetics of Adaptation and Recovery tation as a function of the sensory latency for the same The kinetics of the onset of rapid adaptation at 4 and 8 61 cells in which rapid adaptation was measured from Hz and subsequent recovery of responsiveness were their intracellular responses. The observed negative restudied in cortical intracellular and thalamic extracellular lationship (slope ϭ Ϫ0.046, r ϭ Ϫ0.58) suggests that recordings (Figure 2) . At 4 Hz, steady-state thalamic neurons that receive monosynaptic input from the VPM responses (n ϭ 13) adapted by 31% Ϯ 9% with a time exhibit less adaptation than neurons that do not. This constant of 0.47 s, while cortical synaptic responses was equally true for the subsets of cells classified as IB (n ϭ 11) adapted more strongly (79% Ϯ 6%) and more (n ϭ 7; Figure 3B , closed triangles) and RS (n ϭ 32; rapidly ( ϭ 0.25 s) (Figure 2A Figure 4B ). This argues strongly against a build similar mechanism might contribute to rapid adaptation in somatosensory cortex, we measured the membrane up of GABAergic inhibition producing significant shunting; however, it does not entirely rule out a build up potential before and immediately after induction of adaptation. As shown in Figure 4B , there was no difference of potassium currents, since the hyperpolarizing current pulses used to measure input resistance themselves in membrane potential (Ϫ61.7 Ϯ 1.3 versus Ϫ62.1 Ϯ 1.4 mV, n ϭ 22). This was true both for sensory stimuli that, might decrease activation of these currents. Further evidence against the involvement of postsynas in Figure 4A , produced only subthreshold responses (n ϭ 8) and for sensory stimuli that produced supraaptic potassium conductances was obtained from recordings (n ϭ 8) in which the pipette solution contained threshold responses (n ϭ 14).
Activation Resting membrane potential depolarized to Ϫ36.5 Ϯ 2.6 electrode within the same column, and lateral displacements were within 300-500 m.) Stimulus strength was mV over the course of 10-20 min, and action potentials broadened, indicating significant reduction of potasadjusted for each cell to produce a stable subthreshold response and then was not changed. After obtaining sium currents responsible for resting membrane potential and action potential repolarization. These neurons baseline responses to the electrical stimulus, the principal whisker was deflected at 4 Hz for 2.5 or 5 s. Individual still exhibited robust adaptation with no evidence of hyperpolarization (steady state was 10.4% Ϯ 3.4% of electrical test stimuli were then given at various times beginning 0.25 s after adaptation. initial response at 4 Hz adaptation; data not shown).
In addition to measuring membrane potential and in- Figure 5 shows an example experiment. Intracortical electrical stimulation evoked an averaged response of put resistance, we assessed membrane excitability by measuring the firing rate during a 0.5 s depolarizing 11 mV (n ϭ 14; Figure 5A ). Rapid adaptation was induced by whisker stimulation at 4 Hz for 2.5 s ( Figure 5B ), pulse (500-1000 pA). Like the other cellular properties measured, excitability did not change (15.6 Ϯ 1.8 versus which reduced sensory responses to 21% of the original ( Figure 5C ). Electrical stimuli were applied 0.25 and 2 s 15.7 Ϯ 1.8 spikes/s) following adaptation ( Figure 4B ; n ϭ 22). There was also no effect of adaptation on the initial after the end of adapting train ( Figure 5D ). The initial, presumed monosynaptic component of the electrical firing evoked during the first 50 ms of the depolarizing pulse (34.5 Ϯ 3.7 and 37.4 Ϯ 9.0 spikes/s). We could response (difference between broken lines, n ϭ 14 repetitions) was nearly identical before and after adaptation not rule out the possibility of very subtle changes in excitability, which might have been revealed with just (open triangles in Figure 5E ). Later, presumably polysynaptic components were, however, reduced. A reduction suprathreshold current steps or with more complete characterization of the F-I curve, but such changes in spontaneous subthreshold synaptic input was often observed following sensory adaptation (data not would be unlikely to account for the dramatic reduction in sensory responses observed. These results argue shown). The loss of this input may have brought EPSPs evoked by the electrical stimulus below threshold in strongly that postsynaptic factors, including AHP currents or a build up of GABAergic inhibition, are unlikely to some neurons that provided polysynaptic input to the recorded neuron prior to adaptation. account for the dramatic reduction in sensory responses observed during rapid adaptation.
No consistent change in the early response to cortical stimulation was observed across the 17 cortical neurons Neurons that do not receive direct thalamic input may inherit adaptation properties from those that do. Theretested. The summary is shown in Figure 5E (closed squares). Rapid adaptation that reduced sensory refore, it is crucial to examine the mechanisms of adaptation in neurons receiving direct thalamic input. We sponses by 74% Ϯ 5% (data not shown) did not significantly reduce the size of the early slope of the EPSP looked for changes in intrinsic properties in a subset of cells in which the sensory latency was less than 8.5 ms evoked by cortical electrical stimulation. This suggests that rapid adaptation cannot be accounted for by a (n ϭ 6/22). As found for the entire population, there was no significant difference in membrane potential (Ϫ60. Figure 6E ). Unlike the responses to cortical stimulation, reduction in the earliest portion of the response was inputs evoked intracortically and from the VPM. To test intracortical excitatory synapses, we stimulated layer 3 evident, and the slope of the rising phase was decreased ( Figure 6D ). or 4 of the cortex near the recorded cell through a tungsten electrode. (We attempted to place the stimulating We performed a similar experiment on ten barrel-cor- 
